. We propose and demonstrate the controlled modification and selective enhancement of surface-state emission in white-luminophor CdS nanocrystals (NCs) by plasmon-coupling them with proximal metal nanostructures. By carefully designing nano-Ag films to match their localized plasmon resonance spectrally with the surface-state emission peak of CdS NCs, we experimentally show that the surface-state emission is substantially enhanced in the visible wavelength, while the interband (band-edge) transition at the shorter wavelength far away from the plasmon resonance is simultaneously significantly suppressed. With such plasmon tuning and consequent strong plasmon coupling specifically for the surface-state transitions, the surface-state emission is made stronger than the band-edge emission. This corresponds to an enhancement factor of 12.7-fold in the ratio of the surface-state peak emission to the band-edge peak emission of the plasmon-coupled film sample compared with that in solution. Such a plasmonic engineering of surface-state emission in trap-rich CdS white nanoluminophors holds great promise for future solid-state lighting.
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White nanoluminophors have attracted great attention for their potential use in solidstate lighting, which offers a remarkable level of reduction (expectedly of 50%) in the global electrical energy consumption for lighting [1] . Among the examples of such white nanoluminophors, semiconductor quantum dot nanocrystals (NCs) made of CdSe have previously been synthesized with a magic size of 1.5 nm in diameter to generate white light [2] . Also, Mn-doped CdS NCs have been shown to emit white light as a result of their collective emission in blue from CdS and in yellow from Mn d-d levels [3] . However, these white nanoluminophors typically suffered from inconveniently low quantum efficiency (<10%) [2] - [5] . Recently, trap-rich CdS NCs have also been synthesized to provide surfacestate emission with relatively high quantum efficiency (17%) [6] . These white-luminophor CdS NCs with an average diameter of 2.4 nm exhibited a band-edge emission (interband transition) from the conduction band to the valance band at 405 nm, along with a broad surface-state emission (SSE) that covers the entire visible spectrum arising from the mid-gap trap states. Although these NCs were intended for bright white-light emission, their white surface-state emission was undesirably much weaker (about 9 times weaker) than their band-edge emission.
In this paper, to address this problem, we propose selective localized plasmon coupling of the surface-state emission from these CdS nanoluminophors to make their surface-state emission stronger than their band-edge emission, as the first demonstration of plasmon-coupled surface-state emission using proximal metal nanostructures. To this end, by carefully tuning the localized plasmon resonance of nano-Ag films to spectrally match the surface-state emission peak of trap-rich CdS NCs, we experimentally demonstrate that the surface-state emission is substantially enhanced in the visible, whereas the band-edge emission at the shorter wavelength far away from the plasmon resonance is simultaneously significantly suppressed. This careful plasmon tuning and consequent strong plasmon coupling specifically for the surface-state transitions enabled the surface-state emission to be 6.8 times stronger than the band-edge emission for the first time. This corresponds to an enhancement factor of 12.7-fold in the ratio of the surface-state peak emission to the band-edge peak emission of the plasmon-coupled film sample compared with that in solution. These proof-of-concept demonstrations indicate that such a plasmonic engineering of surface-state emission in CdS white nanoluminophors holds great promise for future solid-state lighting.
To date, white light generation using different types of NC emitters has been successfully demonstrated by our groups and others, e.g. in [7, 8] . Also, using different plasmonic structures including patterned metal nanostructures, flat metal films, metal nano-island films and colloidal metal nanoparticles, plasmons have been extensively studied and have been previously demonstrated to enhance the photoluminescence (PL) of NC emitters, e.g. in [9] - [15] . Similarly, in the previous research works by our groups and many others, plasmon modes have also been shown to allow for the luminescence enhancement only in the close vicinity of plasmonic structures by creating very strongly localized electric fields in their near field and/or increasing radiative recombination rates of the coupled emitters, provided that a set of spectral and spatial conditions are satisfied, e.g. [9, 13, 16, 17] . However, all of these previous studies focused only on enhancing the band-edge emission from these luminescent materials that takes place between their ground electronic e-h states from the conduction band to the valance band (interband transition). Selective enhancement of the surface-state emission through the mid-gap traps with plasmon coupling, on the other hand, has not been reported at all to date. Hence, this work proposes and demonstrates selective plasmon-coupled surface-state emission as the first proofof-concept demonstration. Experimental spectra of optical absorption, optical excitation (at the emission peak 415 nm), and PL (excited at the first exciton peak at 396 nm) of our surface-state emitting CdS NCs in solution. The insets illustrate emission from the conduction band (CB) to the valance band (VB) for the band-edge (interband) transition and through the mid-gap trap states for the surface-state emission (middle), along with a picture of near-white light emission from these SSE NC luminophors in solution under UV excitation (right).
In this work, we synthesized surface-state-emitting CdS NCs using the previously reported method [6] . For the synthesis, we dissolved 0.05 mmol of sulfur in 0.5 ml of octadecene (ODE) at 100
• C. At the same time, we separately dissolved 0.1 mmol of CdO in 0.83 mmol of oleic acid (OA) and 4 ml of ODE in an argon atmosphere and heated them to 300
• C. We rapidly injected the sulfur/ODE solution into the Cd/OA/ODE solution and cooled the mixture down to 280
• C, waiting for 30 s. Then we cooled the solution further down to room temperature. NCs were precipitated using acetone, then washed several times with methanol and acetone for removing excess OA, and finally dissolved in toluene. Figure 1 presents the optical absorption, optical excitation and PL spectra of these trap-rich NCs in solution. Both in their optical absorption and excitation spectra, we observe that the first exciton peak is centered at 395 nm at room temperature. We measure the PL spectrum of our NC emitters at this best pump wavelength. In their PL spectrum, the full width at half maximum (FWHM) of the band-edge emission (the first peak) is observed to be 15 nm, and that of the surface-state emission (the second peak) is about 110 nm. Such a narrow band-edge emission is strong evidence of the monodispersity of our NCs. The broadband emission covering the entire visible spectrum comes from the trap states intentionally obtained within these small-sized NCs. In solution, the surface-state emission is found to be 8.9 times weaker than the band-edge emission.
To obtain a localized plasmon resonance in the visible region, we deposit Ag nano-island films by the slow evaporation method (0.1-0.2 Å s −1 ) with film thicknesses below 25 nm on quartz substrates in a vacuum environment. Under these conditions, the resulting metal films Optical absorption spectra of a 5 nm thick silver nano-island film (dashed line), a 10 nm thick silver nano-island film (dashed-dotted line), and a 20 nm thick silver nano-island film (dotted line) with NC coating, for the demonstration of size-dependent plasmon resonance wavelength and spectral match with CdS SSE NCs in a PMMA polymer matrix (solid line).
are not continuous; instead they consist of nanometre-sized islands separated from each other. We study the size dependency of Ag islands both in vertical and lateral dimensions to obtain the optimal evaporation conditions for Ag and tune their size to obtain maximum spectral overlap with the surface-state emission of the NCs and achieve the best plasmon coupling possible. For example, figure 2 shows the plasmon resonance wavelength of silver nano-island films tuned by varying the silver film thickness from 5 to 10 to 20 nm (in the vertical dimension). We observe that the resulting plasmon resonance wavelength significantly depends on the thickness of the silver film, and that the peak absorption undesirably decreases and the FWHM of the peak increases with increasing film thickness. We therefore set the thickness of the silver nanoisland film to 10 nm so as to match the surface-state emission wavelength range of the NC emitters and to possibly provide the best spectral match. For the lateral dimension optimization, figure 3 shows the optical absorption spectra of 10 nm thick silver nano-island films tuned by varying their annealing conditions in the rapid thermal annealer. This post-annealing process effectively varies the lateral dimension of the silver islands. Here, we observe that with an optimized annealing temperature of 300
• C for 10 min under N 2 purge, nano-islands grow larger in lateral size but become more separated from each other, leading to a narrower and stronger optical absorption spectrum. Also, after integrating the annealed silver nano-island film with CdS SSE NCs dispersed in a poly(methyl methacrylate) (PMMA) matrix, a redshift of 45 nm is observed in the optical absorption spectrum with respect to its initial spectrum without NCs because the effective refractive index is increased with the addition of the NC-PMMA film. In our fabrication steps, we also take this redshift into account to optimize our plasmon coupling accordingly. The atomic force microscopy (AFM) and scanning electron microscopy (SEM) images show examples of these fabricated silver nano-island films with an average height of Optical absorption spectra of a 10 nm thick silver nano-island film alone (dashed line), after 10 min annealing at 300
• C (dotted line) and with a 60 nm thick coating of CdS SSE NCs in a PMMA polymer matrix (solid line). The insets depict the SEM image (top) and AFM image (bottom) of our 10 nm thick silver nano-island film with a lateral size distribution of 25-75 nm.
10 nm in the vertical dimension and varying island sizes of 25-75 nm in the lateral dimension in the insets of figure 3 .
We prepare each sample to contain a 60 nm thick film of trap-rich CdS NCs in a PMMA matrix (with an initial concentration of 5 µM and an initial volume of 20 µl) on an Ag nanoisland film deposited on a quartz substrate. The negative control group includes an identical NC film placed directly on top of a quartz substrate (without Ag nano-islands). Here, we compare the PL spectra of these CdS NCs coupled with the silver island film against that of the negative control group (without silver plasmon coupling), both of which are excited at an optical wavelength of 325 nm using an He-Cd laser. Figure 4 depicts these PL spectra taken under completely identical experimental conditions. The resulting changes in the measured emission properties of CdS NCs when plasmon is coupled with the silver film are also displayed in table 1, compared with the case of no plasmon coupling. These experimental results show that the silver nano-island film significantly suppresses the band-edge emission; at the same time, it selectively substantially enhances the surface-state emission. As a result, the ratio of the surfacestate emission peak to the band-edge emission peak increases by a factor of 6.8 in the film. This yields an enhancement factor of 12.7 for the plasmon-coupled film sample compared with that in solution. Additionally, because of these many trap states coupled with the plasmons, the total number of photons emitted at all wavelengths is also enhanced by 80%, meaning that the overall emission (including both the band-edge emission and the surface-state emission) is improved. Figure 5 shows the time-resolved fluorescence decays of these CdS SSE NCs with and without plasmon coupling: at the band-edge emission peak wavelength (415 nm) ( figure 5(a) ) and at the surface-state emission peak wavelength (531 nm) ( figure 5(b) ). In the presence of the silver nano-island film, we observe that the band-edge emission is quenched and thus decays faster, while the trap-associated recombination becomes slower in the tail, compared with the NC film on bare quartz (with no plasmon coupling). These observed changes in the PL kinetics Table 1 . Systematic comparison of the band-edge and surface-state peak emission wavelengths, the band-edge and surface-state emission peak intensity levels, ratio of the surface-state emission to the band-edge emission, and the total number of photon counts in the emission spectrum, all these both for the control group (only surface-state emitting CdS NCs) and for the sample of surface-state emitting CdS NCs plasmon-coupled with a 10 nm thick silver nano-island film. Figure 4 . PL spectra of a surface-state emitting CdS NCs film alone (dotted line) and when plasmon-coupled with a 10 nm thick silver nano-island film (solid line). The inset shows the picture of these NC luminophors on the silver nano-island film pumped with a 325 nm He-Cd laser.
along with those in the steady-state PL behavior are attributed to the enhanced efficiency of trap state population in the presence of the silver islands, and the nonradiative hole transition from the valence band of the CdS NCs to the trap states (k 3 in figure 1, inset) is accelerated. Therefore the relatively long-lived PL associated with the surface traps (k 2 ) becomes more pronounced, whereas the band-gap-associated PL (k 1 ) is partly quenched. The detailed mechanisms behind these observed silver plasmon-mediated electron transitions are currently under investigation by our groups.
In conclusion, we have proposed and demonstrated selective plasmonic coupling of the surface-state emission in trap-rich CdS NC luminophors with metal island films by tuning their localized plasmon resonance wavelength to the surface-state emission peak. Our proof-of-concept experiments showed that the ratio of the surface-state emission in the visible to the band-edge emission is increased by more than 12 times, and the total number of emitted photons is increased overall by 80%, with a proper design and implementation of the proximal metal nanostructure and CdS NC luminophor films. Consequently, for the first time, the surfacestate emission is made stronger than the band-edge emission by selective plasmon coupling of mid-gap traps. These results are highly promising for future NC-based solid-state lighting.
